The fragmentation of the alanine (C 3 H 7 NO 2 ) molecule due to the low-energy electron impact was studied both experimentally and theoretically using the mass spectroscopic technique combined with the density functional theoretical approach. The main emphasis was given to the mechanisms of initial molecule fragment production. Special attention was paid to the energy characteristics of the ionic fragment yield. The geometrical parameters of initial molecule rearrangement were also analysed.
Introduction
Alanine is a nonessential amino acid, i. e. it can be manufactured by the human body and does not need to be obtained directly through the diet. L-alanine is the second after leucine in the rate of occurrence, accounting for 7.8% of the primary structure of proteins [1, 2] . It is necessary to mention that this molecule is often considered to be a model system for studying the properties of more complex systems, particularly in case of ionizing radiation influence [3] . Alanine due to its radiation doimetric properties is considered a secondary standard for the highdose and transfer dosimetry [4, 5] . Additionally, the studies of this molecule fragmentation have a great astrophysical importance due to the dominant role of ionic species with a loss of neutral COOH as well as a protonated hydrogen cyanide HCNH + ion [6] . Generally, there exist two structural alanine conformers, i. e. the α-alanine, in which the amine group is at the α-С atom, and the β-alanine, in which the amine group is at the β-С atom. The α-alanine molecule possesses a considerable optical activity due to the presence of a chiral carbon atom. Optical alanine conformers (L, D) differ by the substituent locations in one C atom. In addition, this molecule like many other biomolecules may exist as a number of conformers, and even thermal energies may easily transform this molecule from one conformer to the other one [7, 8] . Note that in our studies we dealt with the α-alanine molecule.
The interaction of ionizing radiation with the matter produces secondary reactive species along the track of the high-energy projectile. These secondary species may undergo subsequent reactions with the medium. Kinetic energy of some of secondary electrons is sufficient to induce electron impact ionization, dissociative electron impact ionization and isomerization as well. These reactions are responsible for the formation of positive/negative ions, neutral fragments, and radicals and may play an important role in the formation of radicals from alanine. In some cases, they could lead to dissociative electron attachment, i. e. fragmentation accompanied by the negative fragment ion yield (see, e. g. [9] ). It is no doubt that the appearance energies of ion production during electron impact ionization from different conformers will be different. Hence, in the present paper, we report on the results of both experimental and theoretical studies on the electron impact fragmentation of the DL α-alanine molecule, while several conformers of the molecule were investigated theoretically only. The results obtained are compared with those of other theoretical and experimental studies of L-alanine [9] .
A theoretical method was used to predict all possible fragmentation channels and processes that could occur under electron impact, while the comparison of theoretical results with experimentally measured ones allowed us to check theoretical predictions made, choose the dominant fragmentation pathways, and describe fragmentation processes more correctly. Hence, the goal of our studies was to elucidate the major channels of the alanine molecule fragmentation caused by low-energy electron impact.
Experiment
The experimental technique used in the present study was described in detail in our previous papers (see, e. g. [10, 11] ). A crossed-beam method accompanied by the mass separation of the collision products by means of a magnetic mass spectrometer was applied. It is emphasized that our apparatus is capable of studying ionic fragments with respect to their mass-to-charge ratio m/z within the 1-720 Th mass range with high sensitivity (~10 -16 A) and relative mass resolution (m/Δm = 1100). Below we will use the [Th] units to denote the mass of the fragments produced, keeping in mind that strictly it means the mass-to-charge ratio m/z. The alanine molecule beam was produced by a heated effusion source providing molecular concentrations of about 10 10 cm -3 . The electron energy scale calibration was carried out against known ionization thresholds for the Ar atom and N 2 molecule ensuring the calibration accuracy not worse than ±0.1 eV to be reached [10] . The alanine molecule mass spectrum was measured at the 70 eV electron energy, while the appearance energies for the positively charged fragment ions were determined within the 5-30 eV energy range by using the technique described in detail in [10] [11] [12] .
Theoretical part
The structure of the molecule and its fragments has been studied by Becke's three-parameter hybrid functional applying the non-local correlation provided by Lee, Yang, and Parr (B3LYP) [13] -a representative standard DFT method. The most significant advantage of the DFT method is a significant increase in computational accuracy without additional increase in computing time [14] . The present DFT method is derived for obtaining total energies as the function of the nuclei position and is often the method of choice for reaction calculations because the electron correlation energy is accounted, while ignoring the electron correlation is one of the most significant deficiencies of the Hartree-Fock method. However, the correlation energy as well as the total energy of the investigated system is highly dependent on the basis set used. Thus, our investigation was performed with the cc-pVTZ basis -a contracted basis set, which takes into account correlation effects with a (12s 6p) primitive basis set contracted under the Raffenetti scheme and optimized at the HF level [15] . It should be mentioned that the basis set is smaller than that of Gaussian type such as 6-31G, 6-311G, etc., thus, high accuracy of calculations is achieved with additional increase in computing time and resources [16, 17] . The structure parameters of the molecule and its fragments under study have been optimized with no symmetry constraint. The results of analysing the bond order and the bond length of the alanine molecule conformers were used to find the weaker and the most probable bonds to be destructed. In order to model the fragmentation processes, the possible fragment anions, cations, and fragments with a zero charge both with and without geometry optimization have been analysed to predict the influence of dissociation energy on the fragmentation processes. The appearance energies were calculated as a difference between the total energy of the alanine molecule and the sum of the total energies of the fragments predicted, while in order to evaluate the above influence we have studied the following two cases: (i) the single point energy calculation for the fragments was performed taking into account the geometry of a certain part of the alanine molecule (in these cases the energy of fragment formation is not the lowest one); (ii) the structure parameters of alanine fragments were optimized, i. e. the fragments were allowed to reach their equilibrium geometry, and the obtained energy (the lowest energy of the fragments) was used to calculate the dissociation energy. Using this methodology, we took into account the processes when the molecular ions formed with energies just in excess of the ionization potential may have no sufficient energy to be decomposed according to the lowest energy pathway and, thus, will be detected in the experiment directly [18] . The GAMESS and the Gaussian program packages were applied here [19, 20] .
Results and discussion
In the present study, the DL α-alanine in a form of a crystalline powder of 99% minimal purity was used without any further purification. The views of the conformers of the alanine molecule are shown in Fig. 1 . According to our calculations, the total energies of three most stable conformers of the alanine molecule differ insignificantly. The results of our calculations agree well with those of other authors [21] .
It is emphasized that the goal of our paper was to find the most energetically favourable fragmentation reactions in the alanine molecule under the low-energy electron impact, but not to find the structure of the most stable conformer. Hence, we have investigated fragmentation of two conformers called elsewhere as the most stable ones. For the hydrogenbonded systems, the structural rearrangement following ionization of such a molecule is quite typical [7] ; however, each conformer of alanine can have somewhat different fragmentation pathways associated with the intramolecular hydrogen bonding.
According to our theoretical investigations, the most stable conformer is the alanine II (in our notation), the energy of which is by 0.054 eV lower than that of the alanine I and the smallest energy barrier for the transition of the alanine III to the alanine I in the ground state due to rotation of the -COOH group is only 0.086 eV. The energy difference is approximately 0.02 eV when the alanine III transits to the alanine I, i. e. it is equal to the thermal energy kT at room temperature, while the above barrier is much smaller than the energy of the incident electron. Additionally, theoretical results exhibit that the equilibrium structure of the ionized alanine III molecule is like that of the alanine I molecule, i. e. the main structural difference between the alanine III and the alanine I disappears when these molecules are ionized. Thus, we intend to investigate theoretically the fragmentation of alanine I and alanine II conformers. The calculated bond lengths and bond orders of neutral and ionized alanine molecule conformers are listed in Tables 1 and 2 .
According to the above results obtained for the neutral molecules, the weakest bonds are C1-C3 and O5-H8. Ionization of a parent molecule is most probably generated from the mixed σ p orbital, which is the highest occupied molecular orbital. It includes N2(0.41(2pz)); О3(0.13(2pz)) electron moiety and its energy calculated by Koopmans' theorem is 6.59 eV [22] [23] [24] .
However, the experimental and calculated values as the difference of the energies of the neutral and ionized molecules for the first ionization energy of alanine are above this level and lie within 8.75-9.85 eV [9, 25, 26] . These results confirm very well known observations that the ionization energies calculated from the B3LYP/cc-pVTZ orbital energies are usually obtained with errors much larger than 2 eV. This implies that ionization of the alanine molecule could proceed from НОМО-1(σ p C1-O4-O5, 7.997 eV) and НОМО-2 (π O4-O5, 9.048 eV) orbitals as well. The decision is based on the investigation of the calculated molecular orbital because the current works show that the molecular orbital calculations performed within the B3LYP functional density approach are quite accurate and could be used for orientation aiming to foresee the charge localization and determine which orbital could be assigned to the specific fragmentation channel [27] [28] [29] . Thus, it is obvious that ionization of the alanine molecule involves the NH 2 CHCOOH group directly.
As a result of ionization, the C1-C3 bond elongates for all isomeric structures, i. e. the probability of the molecular ion dissociation along this bond increases. Electron density redistribution due to the molecule ionization leads to a noticeable reduction of the C1-N2 bond length and to the increase of its strength forcing the carboxyl group atoms to approach each other. This testifies to the low probability of the alanine molecule dissociation channels related to the rupture of the skeleton carbon atom bonds with heteroatoms. It is also interesting to note that due to ionization of the above three conformers the O5-H8 and C1-N2 bond lengths become the same.
The area of the alanine molecule mass spectrum measured in our experiment at the 70 eV electron energy (see Fig. 2 ) is generally close to that obtained in [9, 26, 30] . The main peculiarity of our mass spectrum is a larger intensity of the peak at m/z = 18. Furthermore, presentation of this spectrum using a semi-logarithmic scale (see inset in Fig. 2 ) allowed specific features not discussed in the up-to-date papers to be revealed, i. e. the weak peak related to the doubly charged m/z = 43.5 ion and splitting of the m/z = 18 peak are observed clearly.
The peaks with m = 44, 42, 28, 18 Th are the most noticeable in the alanine mass spectrum. The absence of a clear parent molecular ion C 3 H 7 NO 2 + peak (its intensity is about 0.2% of that for the maximal peak) indicates that probability of non-dissociative ionization for this molecule is negligible. The dominant peak in the experimental mass spectrum corresponds to the ion with the m = 44 Th mass, i. e. to the NH 2 CH 3 CH + ion formed via a single rupture of the C1-C3 bond (see Fig. 1 ). Ab initio calculations of the fragmentation channels for the alanine cation find this channel to be energetically most favourable. These results coincide with those presented in [31] . The rupture of the C1-C3 bond results in the production of the C 2 H 6 N and CHO 2 fragments according to the following pathways: The calculated appearance energies for the above fragments are listed in Tables 3 and 4 . The appearance energy E ap was calculated as E ap = |E alan | -Σ(E i )|. Here, E alan is the total energy of the neutral alanine molecule, while E i is the total energy of all fragments produced. This calculation does not take into account the activation energy of the molecular ion fragmentation.
(1) and (3). Experimental results indicate that the appearance energy for the C 2 H 6 N + fragment ion under the electron impact ionization of the gas phase L-alanine determined from the measured ion efficiency curves is 9.10 ± 0.05 eV [9] , while that of the DL-alanine measured by us is 9.30 ± 0.1 eV. In the photoionization experiment [26] , the appearance energy for this fragment ion is 9.05 ± 0.10 eV. These results allow us to conclude which of the channels is more probable for the conformers of the alanine molecule, and this agrees with the results of other authors. It should be noted that the calculated value of the appearance energy for the C 2 H 6 N + cation from the L-alanine molecule listed in [9] is 9.51 eV and is larger than that determined experimentally.
The calculated values of the appearance energies for this fragment formed from alanine I (9.12 eV) and alanine II (9.04 eV) coincide perfectly with the thermochemical value of 9.12 eV calculated based on the data on the heat of formation and with the results presented in [26] as well as with those obtained experimentally.
We have checked the possibility of formation of the CO 2 + ion as a probable product of dissociative ionization of the alanine molecule. The calculated results indicate that formation of this ion is energetically non-favourable because the appearance energy for this fragment is approximately twice larger than that for the C 2 H 6 N + fragment. It should be mentioned that the appearance energy for the CO 2 + ion presented in [9] is by 3 eV smaller than the value obtained by us as the smallest appearance energy of the CO 2 + fragment for the DL-alanine molecule. Summarizing the data previously mentioned, it is possible to conclude that the peak at m = 44 Th in the experimental mass spectrum could be attributed to the formation of the C 2 H 6 N + fragment. It should be noted that in case of the C1-C3 bond dissociation in the initial molecule the complementary fragment with the 45 Th mass is produced. The calculated appearance energy for this ion is 12.08 eV for the alanine I molecule and 12.12 eV for the alanine II molecule. We predict that the presence of the hydrogen bond O4···H8 in the alanine I and alanine III molecules could favour this fragment stability during the C1-C3 bond dissociation.
In the mass range of 40-50 Th (see Fig. 3 ), a very small peak at m = 42 Th was observed experimentally. This peak may be attributed to the presence of the CH 3 ** Alanine molecule geometry changed indicates that the equilibrium geometry structure of alanine molecule fragments is investigated.
As pointed out, the main structural differences between alanine I and alanine III disappears when these molecules are ionized. Such behaviour of alanine conformers allows the appearance energy calculations to be performed for two conformers only, i. e. for alanine I and II molecules.
The most energetically favourable channels of the C 2 H 6 N + cation formation correspond to pathways Jochims et al. [26] and Ipolyi et al. [9] identified this fragment as NH 2 CH 2 = C + and CH 3 C ≡ NH + , respectively. Our decision is based on the analysis of the bond order of the neutral conformers that indicates that the C1-C3, N2-H7, and N2-H6 bonds are weaker than other C-H bonds (Table 2) . On the other hand, we suggest another structure for this fragment not mentioned among possible structures calculated for this stoichiometry.
Hence, the above fragments may be produced according to the following pathways:
The results of the appearance energy studies for this fragment indicate the pathway (6) to be more favourable for alanine I and alanine II (Tables 5, 6 ). Theoretical values of 10.08 and 10.18 eV obtained for alanine I and alanine II, respectively, coincide with the experimental one of (9.87 ± 0.1 eV) [9] proving the assumption that alanine conformers could be ruptured producing the C 2 H 4 N + ionic fragment via the ion pair formation according to the pathway (6) . The results of the geometry optimization of the H+H+CHO 2 charged compound indicate that the neutral H 2 molecule could be formed, although in the present study the above results are of no importance. The appearance energies for the C 2 H 4 N + ions with different structural conformers calculated in the present study are closer to the experimental value than the ab initio result (10.87 eV) presented in [9] , where it was stated that the CH 3 CNH + ion is formed via the following reaction process: C 3 H 7 NO 2 + → CH 3 CNH + + HCO -+ H 2 O. Note that in both schemes the C 2 H 4 N + ion appears in the case of an ion pair formation. Thus, the mechanism of the C 2 H 4 N + ion production includes the detachment of a carboxyl group from the initial molecule accompanied by the molecular hydrogen formation according to the pathway (6) rather than the disintegration process of the COOH group and the water molecule elimination as suggested in [9] .
As emphasized above, the present calculations result in the values that coincide well with the experimental ones obtained by us. Furthermore, it should be noted that optimization results indicate changeability of the initial CH 3 CHN + ion geometrical structure. The fragment CH 3 CHN + transforms to CH 3 NCH + at its equilibrium point. We started optimization from the CH 3 CNH + structure and finally obtained the CH 3 -N-CH + structure. Geometrical structures of the C 2 H 4 N + ion before and after optimization are shown in Fig. 4 .
The mechanism of the structural change during the formation of the above ion could take place via the intermediate cyclic structure of the dehydrated ethylene imine according the scheme given below:
This intermediate structure is possible to be obtained when analysing the optimization process. The bond order analysis indicates that in the C 2 H 4 N + positive ion structure the double bonds are formed between both N and C atoms, while the bond order between C-C atoms is 0.846. Thus, this bond is the weakest one in the intermediate cyclic structure and the above bond rupture is possible. In the obtained structure, the C1 atom undergoes, obviously, the sp-hybridization. Based on the results described above, we state that the pathway C 3 H 7 NO 2 + e → C 2 H 4 N + + (H+H+CHO 2 ) -+ e → → CH 3 NCH + + (H 2 +CHO 2 ) -+ e is more probable than any other mentioned in [9] . The ion with the m = 28 Th mass is the second intensity-related peak in the parent molecule spectrum and is accompanied by the satellite peaks with the m = 27 Th and m = 29 Th masses. The area of the DL-alanine molecule mass spectrum in the 26.5-29.5 Th region presented in the semi-logarithmic scale is shown in Fig. 5 .
It is obvious that all three peaks in Fig. 5 have a double-headed shape, so at least two ions may contribute to each peak. As to the m = 27 Th peak, Jochims et al. [26] assigned it to the C 2 H 3 + ion rather than to the HCN + one and confirmed this conclusion by the α-alanine-d3 electron impact mass spectrum. Our spectra show the presence of the two of these isobaric ions with nearly close intensities but some preference is given to the C 2 H 3 + ion.
A double-headed peak with the m = 29 Th mass is due to the two components and consists of the HCO + and NH 2 CH + ions with some preference being given to the HCO + ion. It should be noted that deuteration of the α-alanine molecule does not help to choose between these two possible assignments [26] , and our results show that both ions are formed in the collision event. The m = 28 Th ion is an intense fragment in the alanine spectrum and may have the following gross formulae: CH 2 N, С 2 Н 4 , and CO. Jochims et al. [26] , Ipolyi et al. [9] , and Bari et al. [32] Tables 7-10 ) it should be mentioned that they are somewhat different. Thus, in case of the С 2 Н 4 + ion, the appearance energy is in both cases under the study smaller by more than 4 eV if the alanine molecule geometry was not changed. However, if the equilibrium geometry was reached, the results became a bit contradictory. For the ion pair formation, the appearance of the CH 2 N + ion seems to be more probable. When the positively charged ion and the neutral molecule are formed, the appearance energy values become very close, so both С 2 Н 4 + and CH 2 N + ions might arise. Thus, we may conclude that two isobaric ions peaks with the m = 28 Th mass in the experimental spectra belong to the С 2 Н 4 + and CH 2 N + ions and the channel of the С 2 Н 4 + ion formation is more efficient at the 70 eV collision energy than that of the CH 2 N + ion. The positively charged CH 2 N + ion could be produced differently: (i) at a simultaneous break of several simple bonds, (ii) in the two-stage process via dissociation of the glycyl radical cation after elimination of a methyl group, and (iii) due to the loss of H 2 from the primarily formed NH 2 CH 2 + . It is necessary to emphasize that in our previous papers [35, 36] the glycine and the methionine molecule mass spectra revealed diffuse peaks at about m*~26.1 Th corresponding to the transition 30 → 28 being accompanied by the detachment of a neutral fragment with m = 2 Th, i. e. the secondary fragmentation of the CH 4 N + ion occurred. However, in the case of alanine, this dis- Table 3. sociation channel was not observed by us. Thus, the dehydration process according to the scheme CH 4 N + → (H + H) 0 + CH 2 N + is not realized in the electron-impact-induced alanine molecule fragmentation.
We have calculated the CH 2 N + ion production from different conformers of alanine with different bonds being ruptured. When the equilibrium geometry structure of the alanine molecule fragments is taken into account, the smallest appearance energies were obtained when CH 2 N + was formed according to the following general pathways:
The calculated energies required to produce the above fragments are listed in Tables 7 and 8 .
It was mentioned in [9] that the ion production efficiency curve for the alanine molecule fragment with the m = 28 Th mass exhibits two distinct thresholds at 10.85 and 12.8 eV. In [26] , the CH 2 N + ion-yield curve exhibits an initial onset at 9.00 ± 1 eV and a sharp rise in the signal at 12.35 eV, and this, according to the point of view of the authors, was considered to be a second onset energy attributed to the loss of H 2 from the primarily formed NH 2 CH 2 + . The analysis of the results allows us to predict that the thresholds at the NH 2 CH 2 + fragment appearance from alanine I and alanine II could be close to those mentioned above. It implies that the stepwise structure of this ion yield curve may be due not only to the different pathways of the parent molecule dissociation but also to the change of the charge of the complementary particles produced. Thus, according to our calculations, the process corresponding to the pathway (9) with ion pair production is energetically more favourable.
According to the qualitative mass spectrometry theory, where the direction of fragmentation of the molecule under study is defined by the stability of the fragments produced, the formation of the CH 2 N + ion seems to be the most probable according to the following pathways:
and (13) Thus, the fragments that may be produced in this case are the stable molecules and the radical. In our calculations, both these reactions were studied, but, unfortunately, the last process appeared impossible to be calculated from the very beginning (i. e. when parts of the alanine molecule were used) because there was some intermediate reaction resulting in the formation of the CO and OH fragments.
The calculated appearance energies for the case of reaction (12) are listed in Tables 11, 12 (see also Tables 13, 13). The calculated appearance energy is similar to the experimental one in case of production of two positively charged fragments; however, this process seems to be impossible in the near-threshold appearance energy area for the m = 28 Th ion.
Our calculations of the appearance energy for the CH 2 N + fragment according to the pathway (12) show that this process is not realized during the alanine molecule electron impact dissociation, i. e. the system does not reach its equilibrium state. Despite the minimal consumption of energy required to produce the final products according to the pathway (12), the experimental appearance energies for the CH 2 N + fragment are most adequately described by pathways (9) and (10) .
The structure of the CH 2 N + ion depends on the parent or intermediate ion bonds being broken. Four possible relevant conformers were investigated in detail in our recent paper [35] . It is important that in case when different bonds of the CH 2 N + cation are broken, the fragments become planar at their equilibrium point. Calculations [35] proved that the most stable structure of the CH 2 N fragment is H13-C1-N2-H6. Note that C and N atoms in this case undergo the sp-hybridization.
For the ion with m = 18 Th there are two possible compositions, i. e. H 2 O + and NH 4 + . The yield curve for the m/z = 18 ion measured in [9] has a threshold at 12.55 ± 0.1 eV. Since this value is within the limits of an experimental error of the ionization energy determination for water 12.62 ± 0.002 eV, the authors concluded that the fragment with m/z = 18 results from ionization of the water molecule, while formation of the NH 4 + ion was not observed in [9] , most probably, due to the fact that the cross section for this reaction is very low.
On the other hand, in [26] the m/z = 18 ion was assigned to NH 4 + with HC-CH-COOH as a neutral product. Referring to the analysis of the mass spectra for the α-alanine-d3 molecule, the authors stated that the NH 4 + ion contains two amino hydrogen atoms and two hydrogen atoms originally attached to the carbon skeleton. The formation of the NH 4 + ion involves rearrangement processes, but the hydrogen atom attached to the carboxyl group is not favoured as a participating migrant one. According to the relative intensities of m/z = 17 and m/z = 18 peaks in the mass spectrum, the authors determined the maximum contribution of H 2 O + to the m = 18 Th peak at the 20 eV photon impact to be about 5% [26] .
As seen from Fig. 2 , the yield of the ion with the m = 18 Th mass in our experiment is higher than that in other studies and is comparable to the m = 28 Th ion yield. The semi-logarithmic presentation of our mass spectrum within the 15-20 Th mass range (see Fig. 6 ) allowed the splitting of the m = 18 Th peak to be found which confirms experimentally the presence of the H 2 O + and NH 4 + ions produced during alanine molecule dissociative ionization. The quantitative ratio of the H 2 O + to NH 4 + peak intensities at the 60 eV incident electron energy is 11.8:100, i. e. it almost twice exceeds the estimation made in [26] at the 20 eV photon impact. It should be noted that our experiment was carried out within the molecular beam source temperature range that excluded thermal degradation of the initial alanine powder (i. e. within the 150-200 °C range). Thus, analysing fragmentation channels leading to the yield of the Table 3. ion with the m/z = 18, ionization of water vapours released from the alanine sample at elevated temperatures may be excluded. The results calculated by us prove the fact that H 2 O + is formed by removing the OH and H fragments with subsequent formation of the C 3 H 5 NO neutral fragment. The possible pathways of the above positive ion formation could be as follows:
It should be mentioned that we have checked several possibilities of formation of the water molecule. This means that we predicted that the O4, O5, or OH group and different H atoms could be detached under the low-energy impact. However, in all cases investigated the calculated appearance energy for the water molecule is higher than that measured by Ipolyi et al. [9] (see Tables 15, 16 ). Our theoretical analysis and experimental measurements performed at constant temperature prove that this ion could be formed due to joining one H atom and OH or two H atoms and the O atom. On the other hand, the above pathway of the appearance of the molecular water ion from the neutral water molecule could be possible in case of the alanine III molecule, because its stability is lower than that of the alanine I and alanine II molecules. This prediction is based on the analysis of alanine molecule isomerization. The results of our theoretical investigations indicate that the alanine I molecule may originate from the ground alanine III state due to the rotation of the -COOH group, and this post-translational reaction occurs via substance that modifies the transition state to lower the activation energy [35] . It implies that electron impact may cause isomerization of alanine when the water molecule is formed and ionized.
The ammonium ion NH 4 + could be formed when the amino acid NH 2 group joins two H atoms from different sides of the initial molecule. As for the hydrogen atom from the hydroxyl group, which is the nearest one to the nitrogen atom, it has been shown experimentally in [26] for the example of the deuterated alanine-d3 molecule that the NH 4 fragment should be ND 2 H 2 , i. e. the hydrogen atom from the ОН group does not take part in the NH 4 fragment formation. On the other hand, attachment of the Н13 atom is less probable for steric reasons. Thus, production of the ammonia ion at dissociative ionization of the alanine molecule seems to be possible in case of detachment of three hydrogen atoms from the methyl group via formation of relatively stable 4-term transient states. The results of calculation of the appearance energy of the NH 4 + fragment for two alanine molecule conformers are presented in Tables 17 and 18 . The ion-pair formation for the above two conformers is the most energetically beneficial process. In this case, the location of atoms of the alanine I and alanine II molecules has almost no influence on the appearance energy for the NH 4 + ion. However, in case of the neutral complementary fragment formation, the alanine I molecule appears to be the most favourable to produce the ammonium ion.
As seen in the inset in Fig. 2 , a weak peak related to the doubly charged m/z = 43.5 ion is observed. Its atomic composition corresponds to the C 3 H 5 NO 2 ++ ion, i. e. its production proceeds via detachment of two hydrogen atoms (most Table 3. probably, in the form of the H 2 molecule) from the initial molecule. Such dissociation channel of the doubly charged alanine molecular ion with singly and multiply charged ion-induced ionization and fragmentation of alanine was not observed experimentally [32] . The authors found that as in the case of single ionization the main fragmentation process after double ionization is the scission of the C1-C3 bond. Upon the second ionization, the spatial distribution of the α-alanine cation spin densities shows a substantial charge removed from the COOH group that corresponds to the НОМО-1 and/or НОМО-2 ionization. The CH 3 group is only weakly affected by the removal of the second electron. Electron spin density distribution in the doubly charged molecular alanine ion allows one to suggest that elimination of hydrogen atoms from hydroxyl and amine groups is the most probable process.
Calculations of appearance energy for the C 3 H 5 NO 2 ++ ion prove that the most energetically probable reaction in this case is C 3 H 7 NO 2 + e → C 3 H 5 NO 2 ++ + (H+H) -+ 2e. (17) Thus, the hydrogen molecular ion is not formed here.
Conclusions
The analysis of the alanine molecule mass spectrum accompanied by theoretical calculations allowed the main dissociation mechanisms of the above molecule under the low-energy electron impact to be determined. Most of the peaks in the experimental mass spectrum were identified. The appearance energies of the most pronounced ion peaks in the alanine molecule mass spectrum were measured experimentally and estimated theoretically. For the C 2 H 4 N + ion (m = 42 Th), the optimization results indicate the changeability of the initial geometrical structure. The mechanism of the structural change CH 3 -C-NH + → CH 3 -N-CH + realized via intermediate cyclic structure is proposed. It has been shown that three peaks with m = 27, 28, 29 Th have a double-headed shape, thus, contribution of two ions to each peak was identified. As to the m = 28 Th mass, we may conclude that two isobaric ions peaks in the experimental spectra belong to the С 2 Н 4 + and CH 2 N + ions, while at the 70 eV collision energy the channel of the С 2 Н 4 + ion formation is more efficient than that for the CH 2 N + ion. The experimentally observed stepwise structure in the ion yield curve for the alanine molecule fragment with the m = 28 Th mass may be due not only to different pathways of the parent molecule dissociation, but also to the change of the charge of complementary particles produced and to the conformational isomerism as well.
We experimentally confirmed the production of the H 2 O + and NH 4 + ions formed during alanine mo le cule dissociative ionization and established the quantitative ratio of the H 2 O + to the NH 4 + peak intensities at the 60 eV incident electron energy. Despite the fact that mass spectra show no unambiguous effect due to population of different conformers, the conformational isomerism may influence the near-threshold areas of ionization and dissociative ionization cross sections. Our calculations show that the presence of intramolecular hydrogen bonds and the differences in the locations of certain atoms in the conformational isomers may lead to the changes in the fragment appearance energies up to 2 eV. The conformational isomerism of the alanine molecule is revealed most distinctly during the formation of Table 3. the ion with the m = 18 Th mass in case of a zero charge of the complementary fragment.
Thus, variations of appearance energies for different conformers do exist and sometimes their values lie beyond the experimental error bars. Unfortunately, these peculiarities cannot be resolved in the present experiment.
